The Na
/H
ϩ exchangers (NHEs) are ubiquitous membrane proteins found in the cytoplasmic and organelle membranes of cells of microorganisms to higher plants and animals. [1] [2] [3] [4] Their primary functions are to maintain the intracellular pH and sodium concentration by exchanging Na ϩ for H ϩ . Regulation of the intracellular concentrations of these ions by exchangers is important for many cellular events including cell proliferation, differentiation and cell volume regulation. [1] [2] [3] To date seven distinct isoforms of NHE have been found in mammals. They exhibit different tissue or intracellular distributions. While NHE1 is expressed ubiquitously, 5) NHE2-4 are mostly found in epithelial cells of intestines, stomach and kidney 5) and NHE5 in the brain. 6, 7) These NHEs (NHE1-5) function at the plasma membrane. NHE6 and NHE7 are also expressed ubiquitously but function in mitochondria or/and secretory organelles including recycling endosome, [8] [9] [10] and the trans-Golgi network, 11) respectively. Characterization of the individual NHE isoforms has revealed differences in exchange kinetics, intracellular pH (pHi) sensitivity and mode of regulation. [1] [2] [3] Functions of each NHE isoform in cells and animal bodies were confirmed by analysis of NHE null-mutant mice in some cases. [12] [13] [14] [15] The secondary structure of NHEs comprises two major domains, amino-terminal transmembrane (ca. 500 amino acids) and carboxyl-terminal cytoplasmic regulatory domains (ca. 300 amino acids). The transmembrane domain carries the sites for ion exchange and amiloride sensitivity.
16) The cytoplasmic regulatory domain determines a set point value of the exchanger in terms of the pH sensitivity of Na ϩ /H ϩ exchange and is involved in signal cascades triggered by growth factors and osmotic stress. [16] [17] [18] This regulation has been suggested to involve multiple factors. [19] [20] [21] [22] [23] [24] [25] [26] Ca 2ϩ -calmodulin and NHE3 regulatory factor (NHE-RF) have been shown to modulate NHE1 and NHE3 activity, respectively. 19, 22) Calcineurin homologous protein (CHP), a 22-kDa protein closely related to the Ca 2ϩ -binding B subunit of the heterodimeric phosphatase calcineurin, 20) acts as a crucial cofactor for at least NHE1-3 activity through direct interaction with the cytoplasmic domain of NHEs. 26) In this paper, we report a primary sequence of a new rat CHP isoform (rCHP2), the binding properties to NHEs and the tissue distribution. rCHP2 is predominantly expressed in the epithelial cells of the intestine, suggesting a potential role of this protein in the regulation of epithelial NHE isoforms (NHE2-4) in intestinal tissues.
MATERIALS AND METHODS

Molecular Cloning
One rat expressed sequence tag (EST) clone with a sequence homologous to that of the known rat CHP was identified in GenBank TM (accession number BF566765) and obtained from Research Genetics Inc. (Huntsville, AL). Since the 5Ј end region of the coding sequence was missing, we isolated a cDNA fragment corresponding to the 5Ј-end (first 8 amino acids and 5Ј-untranslated region) from a rat brain cDNA library using the rapid amplification of cDNA ends methodology.
27) The complete cDNA sequence has been deposited in DDBJ/GenBank/EM-BL TM (accession number AB086189). Expression and Purification of NHE and CHP Fusion Proteins Expression plasmids for MBP and GST fusion proteins were constructed using vector pMAL-cri (New England Biolabs) or pGEX-4T (Amersham Biosciences), following the PCR-based method. 28) For production of His6-tagged rCHP1 or rCHP2, the coding sequence of rCHP1 or rCHP2 was cloned into expression vector pET21a (Novagen).
29) The resulting plasmids were incorporated into Escherichia coli, BL21(DE3), and the transformants were cultured at 30°C. After protein induction, cells were sonicated and centrifuged, and the supernatant was used for the purification of rCHP recombinants using Ni-NTA agarose beads (Qiagen) according to the manufacturer's protocol.
West-Western Analysis and in Vivo Pull Down Assay For West-Western analysis, 21) blots of various GST-NHE fusion proteins were incubated for 1 h with 12.5 mg/ml of rCHP1-His or rCHP2-His at room temperature, and then bound rCHP1-His or rCHP2-His was visualized by immunoblotting with specific antibodies against rCHP1 or rCHP2 as described below and. 21) For the in vivo pull down assay, COS-7 cells were transfected with the expression vectors for rat CHP2, and rat NHE1 or NHE3 tagged with the c-myc epitope and six histidine tags (NHE1-mycHis and NHE3-mycHis, respectively). Expression vector for green fluorescent protein (GFP) was also cotransfected as negative control for nonspecific binding. Forty-eight hour post-transfection, the COS-7 cells were washed two times with ice-cold phosphate buffered saline (PBS) and then lysed with lysis buffer (20 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.25% sodium deoxycholate, 0.25 M NaCl, protease inhibitor cocktail (Roche Applied Science)). The resulting slurry was centrifuged at 15000ϫg for 30 min at 4°C, and the supernatant was incubated with Ni-NTA Agarose (Qiagen) for 1 h at 4°C with rotation. After washing with the lysis buffer, protein complexes bound to the beads were eluted with sample buffer (5 mM Tris-HCl, pH 6.8, 10% glycerol, 1% b-mercaptoethanol, 0.1% sodium dodecyl sulfate (SDS), 0.01% bromphenol blue), resolved on an SDSpolyacrylamide gel (SDS-PAGE), and then transferred to a GVHP membrane filter (Millipore). 30) NHE1, NHE3, rCHP2 and GFP were detected by immunoblotting with anti-c-myc (9E10) (Santa Cruz Biotechnology), anti-CHP2 (see below) and anti-GFP (BD Biosciences Clontech) antibodies, respectively.
Northern Blotting Total cellular RNA was extracted from various tissues of Wister rats (8-10 weeks old) or cultured cell lines using the ISOGEN solubilizing solution (Wako Pure Chemical), based on the guanidium isothiocyanate method. 31) For Northern blot analysis, 32) 20 mg of total RNA was denatured with formaldehyde, separated by electrophoresis on a 1% agarose gel, and transferred to a Hybond Nϩ membrane (Amersham Biosciences). The membrane was prehybridized with buffer containing Denhardt's solution, 33) and then hybridized with radiolabeled rat DNA encoding CHP2 as a probe. Hybridizing bands were visualized with a Bio-Image Analyzer BAS1000 (Fujifilm). For normalization as to total RNA loading, the membrane was stripped by boiling and then reprobed with a cDNA encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH).
34)
Construction of Specific Antibodies and Immunoblotting Anti-CHP2 antibodies were prepared by immunizing a rabbit with the synthetic CHP2 peptide (amino acids 96-106; DDATLRDPKQP) conjugated to keyhole limpet hemocyanin. The antiserum was affinity-purified using the His6-tagged rCHP2. Anti-CHP1 antibodies were generated by immunizing a rabbit with bacterially expressed CHP1-His, the details being as described previously. 21) Various rat tissues or cultured cells were homogenized in lysis buffer (20 mM Tris-HCl, pH 7.4, 1% Triton X-100, 0.25% sodium deoxycholate, 0.25 M NaCl, 5mM EDTA, protease inhibitor cocktail (Roche Applied Science)) and then centrifuged at 15000ϫg for 30 min at 4°C. The supernatant were used as the total protein lysate. The tissue or cell proteins (50 mg or 30 mg, respectively) were subjected to SDS-PAGE and the separated proteins were transferred to nylon membranes as described previously. 35) Immunoreacted materials were visualized by the ECL chemiluminesence method according to the manufacturer's instructions (Amersham Biosciences).
In Situ Hybridization In situ hybridization 36) was performed on rat small intestine to determine the location of the mRNA transcript encoding rCHP2. The coding region of rat CHP1 or CHP2 was cloned into the pGEM-3Zf vector (Promega), and then the orientation of the cDNA insert was determined by sequencing. Single-stranded antisense riboprobes were prepared by linearizing the vector-cDNA construct with restriction enzyme EcoRI and then by transcribing the cDNA in vitro with SP6 RNA polymerase. Singlestrand sense (control) riboprobes were prepared by using restriction enzyme HindIII for linearization and T7 RNA polymerase for transcription. The synthesized riboprobes were labeled using a digoxigenin (DIG)-labeling kit (Roche Applied Science).
Fluorescence Microscopy Opossum kidney (OK) cells 37) were grown on poly-L-lysine-coated glass cover slips, and then transfected with expression vectors for EGFPtagged rCHP1 (CHP1-GFP), rCHP2 (CHP2-GFP), NHE1-mycHis and/or NHE3-mycHis using a cationic lipid reagent, TransIT LT-1 (Mirus, WI) or FuGene6 (Roche Applied Science). Forthy-eight hour after transfection, the cells were fixed for 10 min at room temperature with 4% paraformaldehyde. For immunostaining with anti-myc, cells were permeabilized by incubation in PBS containing 0.1% Triton X-100 for 30 min. After blocking with PBS containing 1% BSA (PBS/BSA) for 10 min, the cells were incubated with anti-cmyc (9E10) at a dilution of 1 : 100 in PBS/bovine serum albumin (BSA) for 1 h at room temperature and then washed with PBS. Thereafter, the cells were incubated again with Alexa-546-conjugated anti-mouse IgG (Molecular Probe) (dilution, 1 : 3000) in PBS/BSA. After incubation for 30 min, the cells were washed once with PBS and then three times with distilled water. Coverslips were mounted using 50% glycerol/PBS. Immunofluorescence was detected under a fluorescence microscope (Olympus, BX51) equipped with a ORCA-ER digital camera (Hamamatsu Photonics).
RESULTS AND DISCUSSION
Cloning of a Rat CHP2 cDNA and Interaction of rCHP2 with NHEs On searching the GenBank data base for genes homologous to that of rat CHP 21, 38) we identified one partial EST clone from rat (GenBank accession number BF566765). Then we cloned the complete nucleotide sequence of this putative gene in a rat brain cDNA library by using the method for rapid amplification of cDNA ends. 27) Nucleotide sequence analysis revealed that the cDNA contains an open reading frame of 196 amino acids with a predicted molecular mass of 22.5 kDa (Fig. 1A) . The predicted amino acid sequence contains a consensus sequence for Nmyristoylation and two EF-hand like motifs (Fig. 1A) . The protein exhibits the highest homology with CHP (60% identity and 77% similarity), and also high homology with calcineurin B, the Ca 2ϩ -binding subunit of the protein phosphatase calcineurin (36% identity and 52% similarity) (Fig.  1B) To analyze whether rCHP2 binds to NHEs as well as CHP1, 20, 26) experiments for direct interaction of proteins on membrane filter (West-Western analysis) were performed using His6-tagged rCHP2 and GST fusion proteins of various parts of NHE-cytoplasmic domains (Figs. 2A, B) . The analyses revealed that rCHP2 directly binds to juxtamembrane region (amino acids 504 to 563 of rat NHE1) of the cytoplasmic tail of NHE1 ( Fig. 2A) and that rCHP2 interacted with the regions in NHE2-5 similarly (Fig. 2B) . Moreover, pull down assay in COS-7 cells expressed rCHP2 and rat NHE1 or NHE3 (and GFP as negative control) showed the specific interaction of rCHP2 with NHEs in an in vivo system (Fig. 2C) . These results suggest that rCHP2 is plasma mebrane-type NHEs binding protein as well as CHP1.
Tissue Distribution of CHP2 mRNA and Protein Northern blot analyses were performed to examine the expression of rCHP2 together with rCHP1 in various tissues (Fig. 3) . As to the expression of rCHP1, a 3.3-kb transcript was detected in all tissues examined, as reported previously. 38) In contrast, for rCHP2, 1.8 and 1.9-kb mRNAs were identified specifically in the small and large intestine, with lower amounts of the transcripts in the kidneys. These results suggest that rCHP2 is mainly present in the intestines and kidneys, and the two transcripts of different sizes may reflect the existence of highly homologous proteins or of alternative splicing forms as to the translated or untranslated region.
To determine the distribution of rCHP2 protein, we raised polyclonal antibodies against the rat CHP2 peptide (amino acids 96-106), which is unique to the CHP2 sequence (Fig.  1B) . These antibodies were affinity-purified on a CHP2-His column and then characterized, as shown in Fig. 4A . The anti-CHP2 antibodies recognized CHP2 fusion proteins specifically, i.e. they did not cross-react with CHP1 proteins. In contrast, the affinity-purified anti-CHP1 antibodies 21) reacted with CHP1 but not CHP2. Immunoblot analyses of rat tissues were performed with these specific antibodies (Fig.  4B) . For rCHP1, a 25-kDa band, as previously reported, 21) was detected for all tissues examined, with higher expression in the brain, lungs, stomach and intestines. In contrast, anti-CHP2 antibodies also recognized a 25-kDa protein only in the small and large intestine, suggesting that rCHP2 predominantly exists in these tissues, as found on Northern blot analyses. In addition, anti-CHP2 antibodies reacted with a 36-kDa protein in some tissues. These two bands (25 and 36-kDa) were competed out by presence of excess amount of purified rCHP2 in the immunoreaction with the blotted proteins (data not shown), indicating that the both proteins reacted with the antibodies specifically. These results suggest that the 36-kDa band represents a protein containing a similar sequence to the epitope of anti-CHP2 antibodies or the novel isoform of CHP2.
To examine the presence of CHP2 in cultured cell lines, we also performed immunoblotting of several cell lines (Fig.  4C) . While CHP1 was detected in all cell lines examined, CHP2 was only detected in OK cells as a 25-kDa band. A very low level of CHP1 was present in OK cells. These results suggest that CHP2 is expressed in certain tissues and cell lines, in contrast with CHP1, of which expression is ubiquitous.
Localization of CHP2 in Rat Small Intestine We thought rCHP2 might be expressed in the epithelial layer of GST fusion proteins containing various regions of the cytoplasmic tail of rat NHE1 were expressed in an E. coli strain and then subjected to SDS-PAGE. The major band in each lane of the CBB-stained gel represents GST fusion proteins (right, lower). Proteins were transferred to a GVHP membrane, and CHP2-His6, expressed in E. coli and purified, was overlayed onto the membrane. The specific binding of rCHP2 with NHE1 constructs was detected with anti-CHP2 antibodies (right, upper). (B) West-Western analyses of rCHP1 and rCHP2 with GST fusion proteins of plasma membrane-type NHEs. GST fusion proteins of the juxtamembrane region of rat NHE1 to 5 (NHE1, a.a. 504-563; NHE2, a.a. 481-540; NHE3, a.a. 454-513; NHE4, a.a. 472-530; NHE5, a.a. 452-511) were expressed in an E. coli strain and then West-Western analysis were performed as described in A and under "Materials and Methods". (C) In vivo pull-down assaying of rCHP2 with NHE1 or NHE3. Rat CHP2, and NHE1 or NHE3 conjugated with the myc epitope and six histidines were expressed in COS-7 cells. GFP was also cotransfected to the cells. In "vector" lane, empty vector instead of the expression vectors for NHEs was transfected in addition to those for CHP2 and GFP. And then the cell lysates containing the expressed proteins were incubated with Ni-NTA agarose beads. After extensive washing of the beads, specific reactants were resolved on an SDS-PAGE, and then detected by immunoblotting with anti-myc and anti-CHP2 antibodies. GFP was used as negative control for nonspecific binding. mNHE1 and iNHE1 represent mature and immature forms for NHE1, respectively (3). the intestines, which absorb ions as well as various nutrients. Therefore we analyzed the expression of CHP2 by in situ hybridization with rat small intestine sections. Figure 5 shows that rCHP2 mRNA was strongly expressed in the epithelial layer on the small intestinal luminal side. In comparison, rCHP1 mRNA was observed in the connective tissue in addition to the epithelium. Significant hybridization signals were not observed with the sense probes (negative control). These results indicate that the expressed regions of rCHP1 and rCHP2 are obviously not the same within the intestines, suggesting that the two CHPs play different roles.
Intracellular Distribution of rCHP2
To compare the subcellular distributions of rCHP1 and rCHP2, the rCHPs conjugated with green fluorescent protein (CHP1-GFP and CHP2-GFP, respectively) were transiently expressed in OK cells (Fig. 6A) . Both rCHPs were found in the cytoplasm and also accumulated predominantly in a juxtanuclear region in which the Golgi and microtubule-organizing center are present. Since CHP1 has been shown to associate with microtubules and KIF1Bb2, one of kinesin moter proteins, 39, 40) the accumulation of rCHPs in the juxtanuclear region may result from the microtubule-association. Although the localization of the two rCHPs was similar in the cytoplasm and juxtanuclear region, the fluorescence intensities of the two rCHPs were different in the region stained with Hoechst33342, a nuclear-staining dye (Fig. 6A) . The fluorescence signal of CHP2-GFP was comparable in the cytoplasm and nucleus, while that of CHP1-GFP in the nucleus was weaker than that in the cytoplasm. The difference might indicate that the precise mechanisms of localization are different for the two rCHPs.
To analyze the colocalization of rCHP2 and NHEs, we transiently expressed CHP2-GFP and NHE3-mycHis in OK cells, followed by detection by indirect immunofluorescence staining (Fig. 6B) . The proteins were colocalized in the juxtanuclear region and on the membrane surface including lamellipodia. The juxtanuclear localization of NHE3 is consistent with a previous report. 41) rCHP2 became partly localized on the plasma membrane from cytoplasm when NHEs were over-expressed. Similar results were obtained for OK cells expressing CHP2-GFP and NHE1-mycHis (data not shown). These results suggest that rCHP2 interacts with NHEs in vivo in addition to the pull down experiments.
CHP1 acts as a crucial cofactor for NHE1 activity through direct interaction with the cytoplasmic tail domain of NHE1. 26) We have cloned a new rat CHP isoform and showed the interaction of the isoform, rCHP2, with every plasma membrane-type NHE isoform (NHE1-5) like rCHP1 in this study. rCHP2 is predominantly expressed in the epithelial layer of the small and large intestine of adult rats in contrast with the ubiquitous expression of rCHP1. In the epithelial cells of the intestine, NHE2, 3 and 4 are present on the apical membrane and participate for Na ϩ absorption. 5, [42] [43] [44] [45] Thus, rCHP2 may have an essential role in Na ϩ absorption. The expression of CHP2 was only detected in OK cells among several cell lines. OK cells are derived from the epithelium of proximal tubules of the kidneys in opossum. Epithelial cells of the renal proximal tubules including OK cells express NHE3 on the apical membrane and reabsorb Na ϩ from the urine, 46, 47) and thus have a comparable function with the epithelium of the intestines in terms of Na ϩ absorption. Therefore, CHP2 may function with NHE3 in Na ϩ uptake. Studies are underway to elucidate the role of CHP2 with NHE3 under physiological conditions. During preparation of this manuscript, Pang et al. reported molecular cloning and cellular function of human CHP2. 48) They showed that CHP2 is expressed only in malignantly transformed cells but not in normal tissues. Here we have clearly shown that CHP2 is expressed in normal intestinal epithelia and also epithelium-like cell line, OK cell. Thus we believe that CHP2 has an important role in normal intestinal epithelia not only in transformed cells, possibly with the antiporter activity of NHEs.
